ABSTRACT: Triclosan (TCS) and triclocarban (TCC) are antimicrobial agents formulated in a wide variety of consumer products (including soaps, toothpaste, medical devices, plastics, and fabrics) that are regulated by the U.S. Food and Drug Administration (FDA) and U.S. Environmental Protection Agency. In late 2014, the FDA will consider regulating the use of both chemicals, which are under scrutiny regarding lack of effectiveness, potential for endocrine disruption, and potential contribution to bacterial resistance to antibiotics. Here, we report on body burdens of TCS and TCC resulting from real-world exposures during pregnancy. Using liquid chromatography tandem mass spectrometry, we determined the concentrations of TCS, TCC, and its human metabolites (2′-hydroxy-TCC and 3′-hydroxy-TCC) as well as the manufacturing byproduct (3′-chloro-TCC) as total concentrations (Σ−) after conjugate hydrolysis in maternal urine and cord blood plasma from a cohort of 181 expecting mother/ infant pairs in an urban multiethnic population from Brooklyn, NY recruited in 2007−09. TCS was detected in 100% of urine and 51% of cord blood samples after conjugate hydrolysis. The interquartile range (IQR) of detected TCS concentrations in urine was highly similar to the IQR reported previously for the age-matched population of the National Health and Nutrition Examination Survey (NHANES) from 2003 to 2004, but typically higher than the IQR reported previously for the general population (detection frequency = 74.6%). Urinary levels of TCC are reported here for the first time from real-world exposures during pregnancy, showing a median concentration of 0.21 μg/L. Urinary concentrations of TCC correlated well with its phase-I metabolite ∑-2′-hydroxy-TCC (r = 0.49) and the manufacturing byproduct ∑-3′-chloro-TCC C (r = 0.79), and ∑-2′-hydroxy-TCC correlated strongly with ∑-3′-hydroxy-TCC (r = 0.99). This human biomonitoring study presents the first body burden data for TCC from exposures occurring during pregnancy and provides additional data on composite exposure to TCS (i.e., from both consumer-product use and environmental sources) in the maternal−fetal unit for an urban population in the United States.
■ INTRODUCTION
Triclosan (TCS) and triclocarban (TCC) are chlorinated antimicrobial agents formulated in a wide variety of consumer products, including soaps, toothpaste, medical devices, plastics, and textiles. After having been on the market for over half a century, both chemicals are now under scrutiny in the United States (and abroad) as a result of accumulating evidence regarding their effectiveness, endocrine-disrupting activity, and potential contribution to bacterial resistance to antibiotics. 2−4 TCS has been detected previously in many human matrices, including urine, blood, serum, plasma, human milk, and amniotic fluid.
5−9
Exposure to TCS results from topical application of personal care products and devices, 10 dermal contact with consumer products, 11,12 ingestion of toothpaste, contaminated food and drinking water, 13−18 or other environmental exposures such as inhalation of contaminated indoor dust. 19 Elective use of TCScontaining products is in all likelihood the most substantial exposure route for human populations. In addition to the endocrine-disrupting effects of TCS 20−28 and its associated health outcomes, 23, 29, 30 exposure to the chemical has been associated with health effects that are not necessarily connected with perturbation of the endocrine system. For example, a positive association was found between the total (∑-) urinary levels of TCS and allergy or hay fever diagnosis in children, and with aeroallergens and food sensitization.
3,31 TCS was also found to weaken contractibility of cardiac and skeletal muscles in vitro and in vivo in a way that may negatively impact muscle health and function. 32 TCC is excreted via urine and stool after direct glucuronidation or after hydroxylation with subsequent glucuronide and sulfate conjugation. 33 Total TCC and its phase-I metabolites [2′-hydroxy-TCC (2′-OH-TCC) and 3′-hydroxy-TCC (3′-OH-TCC)] were found previously after phase-II-conjugate hydrolysis in 5.4−28% of 50 urine samples from anonymous volunteers collected in 2010 in Atlanta, GA, and total TCC in about 50% of the 16 serum samples collected between 1998 and 2003 in Tennessee. 34 Additionally, three human biomonitoring studies recently reported TCC in 3.77%, 3.6%, and 4% of the human urine samples from Canadian, German, and Greek populations sampled in 2009−2011, 2011, and 2012, respectively. 33, 35, 36 TCC was listed by the California Environmental Contaminant Biomonitoring Program (http:// www.biomonitoring.ca.gov/) as a potential candidate for biomonitoring. Yet, publicly available reports on human exposure to TCC in the United States are still scarce and not available for expecting women. This is an important knowledge gap given that (i) TCC-containing products are sold across the country, 37 (ii) TCC is commonly found in wastewater across the United States, 38 (iii) the compound is known to bioconcentrate, 38−41 and (iv) a suite of potentially deleterious effects have been described recently. Since the 1960s it has been known that severe exposure to TCC is associated with neonatal methemoglobinemia and reduced birth weights and reduced fetal survival rates in rats. 42, 43 More recently, this compound was reported to exhibit endocrine-disrupting functions by enhancing androgen action without exhibiting agonistic activity by itself. 26,44−46 In addition, TCC was shown to elicit anti-inflammatory effects, which may be exploited therapeutically by inhibiting soluble epoxide hydrolase in an in vivo murine model. 47, 48 Here, we aimed to determine the occurrence and total (∑-) concentrations of TCS, TCC, and metabolites and a byproduct of TCC in maternal urine and cord plasma after conjugate hydrolysis in a convenience sample of the United States population. Monitoring of prenatal exposure is an emerging tool for establishing fetal body burdens and revealing potential associations between exposures and adverse health outcomes, including birth defects, neurocognitive delays, and adult onset of disease. The present work concentrated on determining body burdens that were the result of real-world environmental exposures to the antimicrobial agents TCS and TCC in pregnant women from an urban population in Brooklyn, NY.
■ MATERIALS AND METHODS
Standards and Reagents. All standards and reagents were purchased in the highest purity available. Native solid standards for TCC (99%) and TCS (>97%) were purchased from Aldrich (Sigma-Aldrich, St. Louis, MO).
13 C 13 -TCC (>99%) and 13 C 12 -TCS (>99%) were obtained from Wellington Laboratories Inc. (Guelph, Ontario, Canada). Phase-I metabolites of TCC, 2′-OH-TCC and 3′-OH-TCC, were provided in kind by Dr. Bruce Hammock (University of California, Davis) and manufactured as previously described. 48 Their purity was verified by LC-MS/MS upon arrival in the laboratory. LC-MS-grade (99%) methanol, water, and acetic acid were obtained from Fluka (Buchs, Switzerland), and LC-MS-grade acetone was obtained from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO). Individual stock solutions of the native and isotopically labeled compounds were prepared in methanol. All stock solutions were stored in glass vials with polyfluorotetraethylene septa at −20°C.
Cohort and Sampling Procedure. The present study uses a subset of samples collected in the frame of a previous study, 49 which details the sampling procedures and cohort descriptors (Table S1 , Supporting Information). Briefly, pregnant women (aged 18−45) were invited to participate in the previous study while attending the University Hospital of Brooklyn's Prenatal Clinic and recruited between October 2007 and December 2009. Random "spot" urine specimens were provided once during the sixth to ninth month of pregnancy. Every woman was followed to delivery, at which time a cord blood specimen was collected from the neonate and stored at −80°C for subsequent lab analysis. A questionnaire was developed to ascertain demographic data, medical history, mother's age, nativity, race/ethnic origin, and education level. Health outcome data were collected from the patient's chart and reported elsewhere. 49 The study protocol was approved by the State University of New York Downstate's Institutional Review Board and by the New York State Department of Health's Institutional Review Board. Each participant signed an informed consent prior to participation.
Extraction Procedure. Samples were shipped to Arizona State University on dry ice and archived at −80°C. To perform isotope dilution and hydrolysis of phase-II metabolites of TCS and TCC 50 for total concentration determination of TCS, TCC, 2′-OH-TCC, 3′-OH-TCC, and 3′-Cl-TCC, the biological samples (1 mL of material urine or 100 μL of cord blood plasma) were thawed, spiked with a mixed solution of isotopelabeled standards (10 μL) as well as a hydrolysis standard solution (50 μL), and diluted with enzyme solution (1 mL). An additional 900 μL of MS-grade water was added to the cord blood samples. The labeled standards solution contained 13 C 12 -TCS, 13 C 13 -TCC, and 13 C 4 -methylumbelliferone in methanol. The hydrolysis standard solution contained methylumbelliferone-sulfate and methylumbelliferone-glucuronide (Sigma-Aldrich) in water. The enzyme solution contained 0.5 mg/mL of glucuronidase/sulfatase H1 from Helix pomatia (SigmaAldrich) in 1 M ammonium acetate (pH 5.0). The mixture was mixed gently and incubated overnight at 37°C. The target analytes were extracted using a 24-port Visiprep vacuum manifold (Supelco) and 60 mg of Oasis HLB (Waters) solidphase extraction cartridges that were conditioned with 3 mL of 50:50 methanol/acetone 10 mM acetic acid, equilibrated and washed with 10 mM acetic acid in MS-grade water, dried for 30 min with a gentle air flow, and eluted with 3.5 mL of 50:50 methanol/acetone 10 mM acetic acid. The extracts were blown down to dryness under gentle nitrogen stream at 40°C using the ReactiVap concentrator (Thermo), reconstituted with 1 mL of methanol, and homogenized in a B3510 Branson ultrasonic cleaner.
Due to our use of enzymes for hydrolysis of conjugated metabolites, the concentrations of the parent compounds, TCS and TCC, presented here represent the sum of the native compounds and their phase-II metabolites that were present in the sample. The concentrations of TCC phase-I metabolites (2′-OH-TCC and 3′-OH-TCC) presented here represent the sum of phase-I metabolites and their phase-II metabolites that were present in the samples. The methylumbelliferone standards were used solely as controls for enzyme activity; they were not used to normalize for intersample variations in the extent of enzymatic hydrolysis of the target analytes.
Chemical Analysis. A Prominence liquid chromatography instrument (Shimadzu) was run at 0.4 mL/min starting at 60% acetonitrile (ACN) with a ramp to 90% ACN over 7 min, held at 90% ACN for 2 min, decreased back to 60% ACN over 1 min, and held at 60% ACN for 3 min. Samples were diluted to a 1:1 ratio with water, and 100 μL was injected. Analytes of interest were separated on an X-Bridge 4.6 × 150 mm C8 column with 3.5 μm particle size (Waters) preceded by an equivalent guard column using a gradient LC protocol and determined using an API 4000 triple-quadrupole mass spectrometer (MS/MS, ABSciex) with electrospray ionization. A switching valve allowed sample to flow to the MS/MS between 4 and 12 min of each 13 min run. Source parameters were set as follows: curtain gas = 25 psi, gas 1 = 70 psi, gas 2 = 50 psi, IS = −4500 eV, temperature = 500°C, entrance potential (EP) = −10 eV, and collision-activated dissociation (CAD) gas = 12 psi.
Creatinine Determination. Urine aliquots of 2 mL were measured for creatinine onsite at the State University of New York Downstate Medical Center using the Alkaline Picrate Method and a Beckman Olympus Analyzer, model AU-2700 (Beckman Coulter, Inc., Brea, CA). Urinary creatinine adjustment accounts for dilution differences due to diurnal variation of random spot urine specimens collected at various times throughout the day.
Quality Assurance/Quality Control. All analytes and their respective labeled standards were identified using their specific retention time and two multiple reaction monitoring transitions (Table S2 , Supporting Information). All extractions were performed along with solvent blanks, reagent blanks, and instrument performance standards. All reported concentrations were determined based on a standard curve containing between 5 and 8 data points homogeneously distributed over about 2−3 orders of magnitude and a coefficient of determination (R 2 ) ≥ 0.99. Average recoveries calculated from experiments performed with nine replicates are provided in the Supporting Information (Table S3 , Supporting Information). Method detection limits (MDLs) were determined according to United States Geological Survey and United States Environmental Protection Agency guidelines. 51 Instrumental limits of detection (LOD) and quantification (LOQ) were determined according to the EPA guidelines described in 40 CFR 136, Appendix B.
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Data are reported when peak areas were above the lowest concentration calibration standard, when the peak had a signalto-noise ratio > 3, and when the calculated concentration was higher than both the MDL and LOD. Hence, either the MDL or LOD was used as the reporting limit, depending on which one was higher (Table S3 , Supporting Information). All statistical analyses were performed using SPSS v 22 (IBM, Armonk, United States).
■ RESULTS AND DISCUSSION
Urinary Carbanilides. The body burden of TCC during pregnancy is reported for the first time in a United States subpopulation using samples from 181 mother/child pairs that were previously investigated for mercury exposure. 49 TCC, its human phase-I metabolites (2′-OH and 3′-OH-TCC), and its manufacturing byproduct, 3′Cl-TCC, were determined after conjugate hydrolysis in maternal spot urine that was collected during routine prenatal visits in the third trimester of pregnancy. Human phase-II metabolites (glucuronide and sulfate adducts of TCC and its phase-I metabolites) (identified previously) 34, 50 were monitored as TCC and ∑-phase-I metabolites as a result of enzymatic hydrolysis of the chemical bonds with glucuronidases and sulfatases. Table S4 , Supporting Information, presents the individual concentrations of all target analytes, per sample type, and per subject.
Excreted TCC was detected in 86.7% (n = 157) of the 181 urine samples, and the concentrations were mostly low (Table  1) compared to those reported previously in urine of volunteers purposefully exposed to the chemical during exposure experiments that involved extended lathering with TCC-containing soap. 50 The concentrations of TCC conjugates reported here are conservative in nature, as they may underestimate the total amount of TCC present by approximately 25%; this limitation results from documented inefficiencies of Helix pomatia enzymes in cleaving both TCC-N-glucuronide and TCC-N′-glucuronide when compared to acid hydrolysis. 50 Previous human biomonitoring studies reported urinary TCC concentrations in individuals from the United States (n = 50), Canada (n = 2549), Germany (n = 55), and Greece (n = 100). 33−36 Compared to these other biomonitoring studies, where urinary TCC was detected only in about 28%, 3.77%, 3.6%, and 4% of the subjects, respectively, our cohort had a substantially greater exposure rate (86.7%). Yet, this finding may be due in part to the higher sensitivity of the method used in this study (Table  1 ). Our measured urinary concentrations were up to 56 times higher compared to those reported for the Greek cohort, where concentrations ranged between the LOQ of <0.5 and 1.9 μg/L, with a geometric mean of 0.6 μg/L. 35 The Canadian study did not report numerical concentration data.
The phase-I metabolites of TCC, specifically ∑-2′-OH-TCC and ∑-3′-OH-TCC, were detected after conjugate hydrolysis in the urine of 27.1% (n = 49) and 16.6% (n = 30) of the 181 study participants, respectively. In the majority of subjects where ∑-2′-OH-TCC was detected, 2′-OH-TCC was found together with TCC (46 out of 49), whereas in 1 of those 3 remaining subjects, ∑-2′-OH-TCC was detected alongside ∑-3′-OH-TCC but no parent compound was detected. In almost all participants where ∑-3′-OH-TCC was detected, it was found together with both TCC and ∑-2′-OH-TCC (28 out of 30). In the two remaining participants (2 out of 30), ∑-3′-OH-TCC was detected at elevated concentrations (4.00 μg/L) alongside TCC at 0.03 μg/L in one case, and ∑-3′-OH-TCC was detected together with ∑-2′-OH-TCC (0.11 μg/L) in the second case (Table S4 , Supporting Information). The manufacturing byproduct of TCC, 3′-Cl-TCC, was detected in 12.7% (n = 23) of the participants, and for the large majority of those participants (n = 19) in co-occurrence with TCC, ∑-2′-OH-TCC, and ∑-3′-OH-TCC.
The expected parent-metabolite/byproduct relationships were investigated by means of correlation analysis (Figure 1) , where data was only plotted when both investigated contaminants were detected for a study subject. Urinary TCC concentrations correlated positively with levels of its principal phase-I metabolite, ∑-2′-OH-TCC (Pearson's r = 0.49). The mass-based ∑-2′-OH-TCC to TCC ratios ranged from 0.004 to 1.01, with a median value of 0.06, and are generally lower compared to those observed previously in human urine following showering experiments with TCC containing soap. 50 In the referenced study, the ∑-2′-OH-TCC to TCC ratio reached up to approximately 1.00 within a couple of hours after exposure. 50 On the basis of the previously determined elimination rates of ∑-2′-OH-TCC and TCC, 50 the lower ∑-2′-OH-TCC to TCC ratios observed here suggest that exposure was less recent for the lower bracket (0.004−0.06) and more recent for the higher bracket (0.06−1.01) due to slower excretion of TCC compared to ∑-2′-OH-TCC. In addition to ∑-2′-OH-TCC, ∑-3′-OH-TCC was also observed in our cohort, even though urinary ∑-3′-OH-TCC could not be quantified previously. 50 This difference between both studies is likely the result of our larger cohort size and the greater inherent genetic and environmental variability. In fact, the total concentrations of the two phase-I metabolites, 2′-OH-TCC and 3′-OH-TCC, correlated very well over more than 3 orders of magnitude with high correlation coefficients (Pearson's r = 0.99). Finally, urinary TCC correlated positively with urinary ∑-3′-Cl-TCC (Pearson's r = 0.79). Taken together, these correlation experiments illustrate the strength of monitoring for phase-I metabolites and byproducts following conjugate hydrolysis. They also show that increasing excretion of TCC (and thus increasing exposure to the parent compound) will result in concomitant formation and excretion of its metabolites, as well as excretion of its manufacturing byproduct, 3′-Cl-TCC, in a fraction of the participants (Figure 1 ). Yet, urinary concentration of the parent compound may be a more reliable measure of exposure since intrasubject variability of the metabolite was high in this study, as indicated by the fact that phase-I metabolites were not detected in all subjects as well as by the variability in the ratios of the metabolites to the parent compound. Urinary Triclosan. TCS was detected in the urine of all participants (100%) after conjugate hydrolysis and at substantially higher concentrations compared to TCC ( Figure  2 ). Of the 157 subjects where both TCS and TCC were found in urine, 138 participants (87.9%) excreted higher concentrations of TCS compared to TCC. Urinary TCS concentrations were previously shown to vary only slightly during pregnancy; 9 therefore, the detection frequencies and concen- tration ranges presented here are deemed representative of the values expected throughout the pregnancy. In addition, the fact that there is no apparent trend in the co-occurrence of urinary TCS and TCC (Pearson's r = 0.03; Figure 2 ) suggests that the strong correlation observed previously between both chemicals in U.S. environmental surface water systems (R 2 = 0.99) 53 was probably not due to equivalent use of both products by individual consumers, rather equivalent use (and discharge) of both chemicals in the human population (served by the wastewater treatment plants that discharged effluent to the surveyed rivers).
TCS exposure has been studied extensively in biomonitoring studies using cohorts from across the globe 2,3,9,29,31,35,54−58 but seldom in relation to prenatal exposure.
9,55,59 Figure 3 shows that compared to the general population of the United States, our urban population of expecting women is exposed to substantially higher concentrations of TCS and at a higher frequency (100% compared to 74.6%). 2 Yet, the interquartile range (i.e., the distance between 25th and 75th percentiles) in this study is highly similar to the age-matched subpopulation of the United States population reported previously (Figure 3 ). Urine-Cord Plasma Relation. Our study was also aimed at determining the levels of total TCS and TCC (i.e., after conjugate hydrolysis) in cord blood plasma sampled at birth. Cord plasma samples were available for 33 participants (18.2%) of the 181 subjects that provided urine samples. TCC and TCS were detected in 8 (22.9%) and 16 samples (45.7%), respectively, of all cord plasma samples (n = 35). Both TCC and TCS were found to co-occur in 5 cord plasma samples (14.3%). No free TCS or TCC was detected in the cord plasma samples that tested positive for either analyte after conjugate hydrolysis. This finding suggests that all contaminants occurred as phase II conjugates and that no contamination occurred during sampling. One may argue that, because both matrices were sampled at different dates, urine and cord plasma might allow time discrete analysis of exposure. Hence, a correlation analysis of urinary and cord plasma concentrations for TCS and TCC was performed. This analysis demonstrated that the maternal urinary concentrations during the third trimester are poor predictors of fetal exposure via cord blood at birth ( Figure  4 ). This observation was expected because both TCS and TCC are rapidly excreted after their absorption. Hence, even minor changes in product use or the time between exposure and sampling events will strongly affect their levels in urine as well as in cord blood plasma. Still, urine and cord blood are relevant matrices for monitoring excreted organic chemicals such as TCS and TCC during the third trimester, and our sample storage times were also adequate. 60 In fact, the relevance of maternal urine as an indicator for fetal exposure may be increased with an improved study design, such as when maternal urine is collected closer to the time of delivery. We conclude that the limitations of our correlation analysis were that (i) urine and cord blood plasma were sampled at different time points and changes in product use or pharmacokinetics might be at the root of the strong variability, (ii) urine and cord blood plasma are two distinct matrices not necessarily providing a similar measure of exposure, (iii) analysis of cord blood plasma was 10× less sensitive due to small sample volumes, because the amount of sample available was limited in volume, and more detects might have yielded a better correlation, and (iv) cord blood plasma was sampled instead of whole cord blood. Though many other studies have reported using plasma for analysis of TCS and TCC exposure, 7,61−64 future work should consider a previous study 65 that suggests whole blood can be better suited as a matrix for analysis of hydrophobic contaminants [log P (n-octanol−water partition coefficient) = 4.8 and 4.9 for TCS and TCC, respectively]. 53 Supported by a previous study, 34 this work suggests that the U.S. population has a substantially higher degree of exposure to TCC compared to Canadian, Greek, and German populations (though the use of disparate methods between the different studies precludes making definitive conclusions on TCC exposure across the globe). Hence, the current study begins to fill an important data gap regarding knowledge of real-world body burdens of TCS and TCC originating from diverse environmental sources, including consumer products. It provided the first TCC biomonitoring data during pregnancy and reinforced the notion that TCS exposure is ubiquitous in the United States population, even in expecting mothers and their unborn children. In conclusion, our data suggest that a larger fraction of expecting women are vulnerable to potential TCS-and TCC-induced health outcomes compared to the general United States population due to a substantially higher frequency and extent of exposure. Future investigations should address the associations between adverse health outcomes and fetal exposures to TCS, TCC, their metabolites, and byproducts. 
